Isolated Canine Atria Preparation
A total of 33 mongrel dogs (weight, 15-20 kg) were used. Hearts were excised quickly after deep anesthesia and full anticoagulation with heparin (30 U/kg). The right coronary and left circumflex artery were cannulated and perfused with a warm (36°C-37°C) oxygenated (95% O 2 and 5% CO 2 ) Tyrode solution.
Whole-Cell Patch Clamp Technique
The canine atrial myocytes were isolated enzymatically from left atrial tissues, as detailed in the Expanded Methods: Isolation of Canine Atrial Cardiomyocytes in the online-only Data Supplement. Wholecell voltage-clamp techniques were used to record transmembrane ionic currents at room temperature, including slowly and rapidly activating delayed rectifier K + currents (I Ks and I Kr ), ultrarapid rectifier K + current (I Kur ) and transient outward current (I to ), sodium current (I Na ), and L-type calcium current (I Ca,L ), as detailed in the Expanded Methods: Whole-Cell Patch Clamp Technique in the online-only Data Supplement.
Optical Mapping
The optical mapping recording system has been described in detail in the Expanded Methods: Optical Mapping in the online-only Data Supplement. The effect of VIP on action potential duration (APD) was assessed from 120×160 sites over a 15×20 mm 2 area in the left atrial free wall. The APDs measured at 20% (APD 20 ), 50% (APD 50 ), 75% (APD 75 ), and 90% (APD 90 ) of its peak repolarization were calculated and compared with and without VIP perfusion. Local conduction velocity (CV) was measured (Expanded Methods: Local Conduction Velocity in the online-only Data Supplement). The SDs of APD 75 (APD 75 -SD) and CV (CV-SD) were used as measurements of spatial heterogeneity of APD and CV.
Assessment of Vulnerability to AF in Isolated Canine Atria
Atrial vulnerability to AF was assessed by measuring the inducibility of AF using programmed stimulation (≤3 extra stimuli) after a 20beat pacing train at a basic drive cycle length of 200 ms (Expanded Methods: Inducibility of AF in the online-only Data Supplement).
Statistics
All data are reported as mean±SEM. Repeated measures ANOVA was used for 3-group comparison (baseline, with VIP, and washout). A general linear mixed effect model was used to evaluate the effects of different VIP concentrations. Categorical data were analyzed using χ 2 test. All statistical analyses were performed using SAS (version 9.3, SAS Inc., Cary, NC). A P value ≤0.05 was considered as statistically significant. Figure 1A illustrated the effect of VIP (1 µmol/L) on I Ks during a representative experiment. Figure 1B illustrates the changes in the current-voltage (I-V) relationship of I Ks in response to VIP. The composite data also demonstrate that VIP (1 µmol/L) significantly increased the peak I Ks current densities at 60 mV (12.78±1.48 pA/pF; n=13) compared with baseline (6.88±0.97 pA/pF; P<0.01) or with washout (6.90±0.95 pA/pF; P<0.01). The tail currents of I Ks (Figure 1C) , measured from repolarization to −40 mV, were also significantly increased by VIP (0.68±0.03 pA/pF at VIP 1 µmol/L versus 0.49±0.03 pA/pF at the baseline, P<0.05 and versus 0.53±0.04 pA/pF after washout, P<0.05). However, VIP (1 µmol/L) had no effects on either the peak (P=0.91; n=7) or the tail (P=0.91) of I Kr ( Table  I in the online-only Data Supplement).
Results

Effects of VIP on Ion Channels in Canine Atrial Cardiomyocytes
Slowly and Rapidly Activating Delayed Rectifier K + Currents
Ultrarapid Rectifier K + Current and Transient Outward Current
As shown in Figure 2 , I Kur was elicited with a prepulse at 40 mV for 10 ms that inactivates I to (Figure 2A and 2B). 17 VIP (1 µmol/L) decreased I Kur density (3.29±0.26 pA/pF at 60 mV; n=11) from its values at the baseline (5.95±0.68 pA/pF; P<0.05) and after VIP washout (5.50±0.99 pA/pF; P<0.05; Figure 2D ). I to was then determined by digital subtraction of I Kur from total transient activated K + current as described previously ( Figure 2C ). 18 The current densities of I to were significantly decreased by VIP (1 µmol/L; 1.13±0.14 pA/pF at 60 mV; n=11) as compared with its values at the baseline (3.65±0.48 pA/pF; P<0.01) and after VIP washout (2.68±0.43 pA/pF; P<0.01), as shown in Figure 2E and Table I in the online-only Data Supplement.
I K1
I K1 (inward rectifier current) was not affected by VIP (1 µmol/L) at any of the tested voltages (P=0.81 versus baseline, and P=0.75 versus washout; n=6).
Sodium Current
VIP (1 µmol/L) significantly decreased the peak of the I Na (−26.92±1.4 pA/pF at −40 mV; n=16) as compared with its values at the baseline (−34.60±1.5 pA/pF; P<0.01) and after VIP washout (−32.14±1.8 pA/pF; P<0.05; Figure 3A and 3B). Furthermore, VIP produced a negative shift in the steady-state Figure 3C , Table II in the online-only Data Supplement).
L-Type Calcium Current
Consistent with the findings from previous study on the ventricular myocytes, 10 VIP (1 µmol/L) significantly increased I Ca,L (−14.11±1.7 pA/pF at 0 mV; n=11) in the canine atrial myocytes as compared with its values at the baseline (−10.54±1.3 pA/pF; P<0.01) and after VIP washout (−10.08±1.2 pA/pF; P<0.01), but threshold voltage and peak voltage were not affected ( Figure 3D and 3E). Steady-state activation and Table II in the online-only Data Supplement).
VIP Shortens APD in Canine Atria
In 8 canine atria with intact coronary arterial supply, optical action potentials were recorded from the free wall of the left atrium ( Figure 4A ) with the VIP perfused in the following sequence: 0.0 µmol/L (baseline), 0.1 µmol/L, 1.0 µmol/L, 10 µmol/L VIP, and then washout, each at 15-minute intervals. Tracings from a representative experiment are shown in Figure 4B : VIP shortened atrial APD in a dose-dependent manner at a drive cycle length of 500 ms. Similarly, the composite data demonstrated that VIP significantly shortened APD 75 and APD 90 in a dose-dependent manner for a range of drive cycle lengths (P<0.001; Figure 4C , Table  III in the online-only Data Supplement).
In a separate group of 4 randomly selected canine atria, stable APDs were recorded every 15 minutes during perfusion with normal Tyrode solution only and showed no significant changes over 1 hour (P=0.12; Table IV in the online-only Data Supplement). Figure 5A and 5B shows APD 75 distribution histograms and maps obtained from a representative experiment. At baseline, the APD 75 histogram showed a single-mode pattern with a narrow bottom. With VIP at 0.1 and 1.0 µmol/L, APD 75 distribution assumed a bimodal distribution pattern. At a higher VIP concentration (10 µmol/L), APD 75 distribution resumed the single-mode pattern that centered on a shorter APD 75 , likely attributable to receptor saturation. 19 The composite data demonstrated that APD 75 -SD, as an index of APD heterogeneity, increased significantly during VIP perfusion at different drive cycle lengths ( Figure 5C ).
VIP Increases APD Spatial Heterogeneity
VIP Decreases the Local CV and Increases Its Heterogeneity
The average local CV was calculated at pacing intervals of 200, 300, 400, and 500 ms with different VIP concentrations. VIP significantly decreased local CV in a dose-dependent manner that was partially reversed after 15-minute washout ( Figure 6A ). Moreover, CV-SD was increased during VIP perfusion ( Figure 6B ).
VIP Increases Vulnerability to AF in Isolated Canine Atria
Vulnerability to AF was assessed in 11 isolated canine atria. At the baseline, AF was not inducible in any of the atria (0/11). AF was induced in 9 of the same 11 atria during VIP perfusion (1.0 µmol/L; P<0.01 versus the baseline) and in only 2 of 8 atria after 15-minute washout (P=0.16 versus the baseline; P<0.05 versus that during VIP perfusion). AF inducibility could not be assessed after washout in the remaining 3 atria because of sustained AF induced during VIP perfusion that required cardioversion and could in itself affect further AF inducibility. Optical isochrone maps recorded from a representative experiment were shown in Figure 7 . With VIP infusion, during extra stimuli at the comparable coupling intervals used at the baseline and after washout, there was evidence for progressive conduction delay/block with VIP perfusion that preceded AF ( Figure 7B ). Phase map and activation sequence from individual recording sites suggested that this episode of AF was re-entrant around the singularity point ( Figure 7D and 7E ).
Discussion
The major finding of our study is that VIP shortens APD with increased APD spatial heterogeneity and causes intra-atrial conduction slowing. We have provided the first evidence that these VIP effects can be accounted for by its actions on the repolarizing currents, especially I Ks , and on the sodium current, which may contribute to the increased AF vulnerability. 20, 21 
VIP and Atrial Repolarization
Previous in vivo studies indicated that VIP shortened atrial and ventricular effective refractory periods in dogs. 15, 22 Although VIP has diverse effects on multiple repolarizing currents (Figures 1 and 2) , our study has demonstrated that the overall VIP effect leads to APD abbreviation. VIP-induced increase in I Ks is likely the primary underlying mechanism. In addition, reduced I to in response to VIP could affect early repolarization that may further increase the activation of I Ks. 23 To the contrary, VIP lengthens atrial APD in rabbit, 24 reflecting a significant species-specific difference in the response to VIP that necessitated the comparative study with human tissue (Experiments: Results and Figure I in the online-only Data Supplement). VIP shortens APD in both human and canine atrial myocytes. The difference in APD response to VIP between the rabbit atria and the canine/human atria may be related to the complex VIP effects on individual repolarizing currents, especially I Ks and I to , and the differences among species in the relative contributions of these currents to repolarization. VIP increases I to but reduces I Ks . I to is the major outward repolarizing current in rabbit atria where the contribution of I Ks is limited. 25, 26 In contrast, in human and canine atria, I Ks contributes more significantly to the repolarization. 27 It was reported that kinetics of I Ks and I to in canine atria are also similar to those in human atrial myocytes. 17 In addition, VIP increases the spatial APD dispersion as assessed by APD 75 -SD. Two mechanisms may be involved. First, the contribution of individual K + currents, especially I Ks and I to, to atrial repolarization varies among cells within a given region of the heart and also among major anatomic regions. 28 Therefore, the diverse VIP-induced effects on various repolarizing currents may aggravate APD spatial heterogeneity. Second, the uneven distribution of VIP releasing neurons and VIP receptors may also be contributing factors (Experiments: Results and Figure II in the online-only Data Supplement). 10
VIP and Intra-Atrial Conduction
Heterogeneous conduction slowing/block predisposes cardiac tissues to re-entrant tachycardia and formation of fibrillatory conduction. 29 Vagally induced conduction delay/block was first described in frogs. [30] [31] [32] ACh-induced increase in sink-to-source mismatch has been proposed to account for the vagally induced conduction block. 33 Hirose et al 34 demonstrated that vagal stimulation, during which both ACh and VIP are released concomitantly, could result in intra-atrial conduction delay/block, whereas ACh infusion failed to cause significant conduction delay. Such discrepancy could be explained by the noncholinergic VIP effects during vagal stimulation on conduction. Interestingly, our data also suggested formation of singularity point at the site of VIP-induced conduction block (Figure 7) . However, the contribution of VIP effects on I Na to the observed intra-atrial conduction slowing was not quantified in our study. The effect of VIP on the gap junction remains unknown. activate a cAMP/protein kinase A (PKA)-mediated signaling pathway. 35 The observed VIP effects on repolarizing currents are consistent with the known consequences of cAMP/PKA signaling pathway activation. 36, 37 However, it was unexpected that VIP suppresses I Na because activation of cAMP/PKA pathway would increase I Na . 38, 39 VIP effects through alternative non-PKA signaling pathways, for example, the NO/cyclic GMP and protein tyrosine kinase pathways, have been proposed previously although confirmatory data are lacking. 40, 41 Activation of the protein tyrosine kinase pathway was shown to suppress I Na and to reduce conductance through the gap junction . 42, 43 Further investigation is warranted to delineate the exact signaling pathway(s) responsible for VIP effects on individual ion channels.
Molecular Basis of VIP Effects
Limitations
The major limitation of our study is that VIP effects were studied in isolation. However, such approach is required to evaluate effects of VIP on individual ionic currents. It is conceivable to speculate that ACh effect on I KACh may dominate over VIP effects on I Ks during vagal stimulation. However, the biological half-life of VIP (in minutes) is longer than that of ACh and the noncholinergic effects of VIP could persist after the direct effects of ACh have dissipated. 13, 44, 45 Previous studies have also demonstrated significant VIP effects on the heart when endogenous VIP is coreleased with ACh during vagal stimulation. 13, [46] [47] [48] VIP was also shown to affect ACh-induced AF. 16 Furthermore, the release of endogenous VIP from intracardiac neuron is also increased during ischemia and heart failure where vagal activity is usually not increased. 2, 14 Further studies with VIP antagonist during endogenous VIP release are needed to quantify the exact contribution of VIP to the pathogenesis of atrial arrhythmias.
We only performed optical mapping in a small area of the left atrial free wall and did not examine effects of VIP on the myocardium in the right atrium or, more importantly, on the pulmonary vein-left atrial junction which plays an important role in AF. However, the small region of focus in this study was selected to minimize the effects of complicated atrial anatomic structure or anisotropy 49 and to overlap with the region from which myocytes were obtained for VIP receptor expression (Experiments in the online-only Data Supplement). Therefore, the increased heterogeneity of the APD observed in our study is more likely to result from heterogeneity of VIP receptors among atrial cardiomyocytes or from the diverse VIP effects on repolarizing currents or from both.
Conclusions
Our study provides evidence for novel ionic/cellular mechanisms by which VIP, a neural transmitter released from intracardiac neuron, could alter atrial electrophysiological properties in dogs. We have demonstrated that VIP shortens the atrial APD with increased APD spatial heterogeneity, which may result from heterogeneity of VIP receptor expression and the diverse effects of VIP on ion channels, and impairs intra-atrial conduction. Further studies with endogenous VIP are warranted to delineate the exact contribution of VIP to the pathogenesis of atrial arrhythmias during vagal stimulation, myocardial ischemia, and heart failure.
